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Title 

WATER-BORNE POLYMERIC COMPLEX AND ANTI-CORROSIVE COMPOSITION 

Background of the invention 
5 Field of the invention 

A coating composition which contains a polymeric complex between polyaniline 
and a polymeric ion. In addition to the said polymeric complex, the compositon contains a 
water-dispersable binder. The composition is useful as a water-borne paint to be applied 
onto a metal substrate electrophoretically or non-electrophoretically. 
10 Description of Relevant Art 

Conductive polymers (^-conjugated polymers) are potentially useful as a polymeric 
coating materials to impart special electrical, optical and electroactive properties to coated 
surfaces. When used as a coating on metals it can impart protection against corrosion of 
the metals (Wessling DE4334628, Kinlen US 5532025). The electrically conductive form 
15 of the conducting polymers can also be coated on non-conductive surfaces to render the 
surfaces electrically conductive. Examples of the Jt-conjugated polymers are polyaniline, 
porypyrrole, polyacetylene, polythiophene, etc. 

The ^-conjugated polymers are electrically conductive when they are doped by 
ionic compounds. In the electrically conductive state, the it-conjugated polymer backbone 
20 is a polycation. The positive charge on the ^-conjugated polymer backbone is the mobile 
charge that leads to electrical conductivity. The dopants are the counter ions that balance 
the positive charges. The difficulties in using conventional conducting polymers for 
coatings are associated with two of their properties; (1) they are unstable in their doped 
state and (2) they lack processability. The reason for the lack of processability comes from 
25 the fact that the conducting polymers are 7i-conjugated polymers. The delocalized ic 
electronic structure leads to a stiff polymer chain and strong inter-chain attraction. Thus, 
the conventional conducting polymers cannot be easily dissolved, melted or blended with 
other polymers. 

The lack of material stability comes from the fact that the ionic dopants are easily 
30 lost or segregated from the 71-conjugated polymers. Examples of the dopants used in the 
prior art include hydrogen chloride, p-toluene sulfonic acid, 4-dodecylbenzene sulfonic 
acid, and dinonylnaphthalenedisulphonic acid (Jen et al., US pat 5,069,820, Dec 3, 1991; 
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E1 senbaumer, US pa, 5,60457, Nov. 3, ,992; Cao e, a,, US pa, 5, 232,63,, .»* Kmfcn 
US 5567356, Oct 22, ,996). When these coyoting polymers are exposed ,o heat water, 
seven* and/or moistute, these modular dopant are iost. Once the dopant are ,ost, fte 
po.vn.er ,oses to MU' conduct and its eiec^ctivity. The ,oss of dopants occurs 
5 Ler during «he manufaefcuing process or during the service life of fte coated product. In 
^ cases, anions with bu*y organic groups are used ,o reduce fte rate of 

loss of fte dopant This only s,ows down fte rate of dopan, is loss, i, does no, etannate 
.he problem. Even when the dopan«s are no, lost the electfea, ^« - be lost 
due ,0 fte diffusion of dopants a, a microscopic lengft sc*,e. The detechmen of the 
,0 dopants from fte .-conjugated polymer backbone a, a microscopic lengft scafe (0. urn 
Jgft) ieads ,o dedoping. A microscopic scaie phase segregatfon btfween ft. poiynter 
jt dopan-s is easily promoted hy hea, or so.vent The molecula, dopan* tend » 
segregate from the vicini«y of ft. polymeric chain of fte .-conjugated polymer backbone 
which results in a loss of the desirable properties. 

A proUem with the conventiona, conjugated poiymers is that they are brrtue, 
uard and solid. ,n coaring applications, fte conventional .-conjugated poiymers do no, 
^ te fte surface of fte subsKate. Thus fte .-conjugated powers are biended wrft an 
insuUring.non-conducriveresmteformamixnuefta.couidbe adherence surface of a 
substrate See U.S. Pat No, 5,532025, 5,543,084 and 5,556,5.8. When fte conducing 
, Poiymer is imbedded in fte matiix of a non-conducting poiymer such as art epoxy 
pol^eftane, polyacryiate or a*,d binders, fte rate of dopart. loss ,s reduced m ft 
Laclopic (e.g. «., mm lengft), bu, fte problem o, segregation a, a nucroscop, 
to*, scale (e. g . 0, urn lengft) is no. eliminated. The eiectroactive propert.es wd, show 
sig Tof degradation over a period of severa, months. For a number of — 
.nubility is no, good enough. * addition * fte probiem wft fte serv,« hfetf 
eo^gs or blends of ftese .-conjugated poiymers, there are problems wtft fte 

manufacturing process. 

The dopants are easily ,os, during fte manufacftring process eifter because of heat 
or because of contact wift water or poUr solvent, For exampie, US pa, 5543 84 
» atoto- a meftod for dec—g a blend of epoxy and polyaniline. The —ve 
polymer PANI-PTSA (polyaniiine doped by o-^uenestufonic acid) was mechamcaU, 
Wended in aoueous solution and then eiectrophoretically coated on metal. From fte 
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Mosure h is evident tha, the anionic dopant of PANI-FTSA was lost before the - 
conjugal polymer was co-deposited withepoxy. A redoping by immersing the coating - 
JpL sulfonic acid was needed to restore po.yani.ine . its eiee.riea.iy conductive s»te. 
„ u expected tha, the dopants incorporated by redoping wiil be easiiy dedoped agam by 
5 either heat or by exposure to moisture. 

C^gs that use undoped poiyaniline (emeraldine base) have been d.sc,„*d .n the 
literature (McAndrew et al. US pat 5441772, and Epstein et al. US pat 5824371). 
conjugated poiymers without dopant are nonconductive because there ts no charge earner 

,. polymLLthee.eerrica.iyconducnvesUte. Thus it is desirable to have an e.ecti,ca,y 
conductive polymer tha, is both processable and is steble against the loss of dopants. 

An alternative to me above mentioned remedies is to synthes.se a molecufcr 
complex of me ..-conjugated polymer and a poiymeric dopant. If me polymeric dopant * 
Zgly bonded to the -conjugated polymer me dopant will no, be easily to* durmg «h 

15 firing Process and the service Ufe of *e conducting ^« 
piously disclosed for synmesrzmg processable conducting polymers w«h steble dop^s 
(Liu et al. US pat 54S9400). In mis disclosure, a tempfcte-guided chenuca. po.ymenzatio„ 

ofapo.ye.ectio.yte. The reaction product is a »on-covalent,y bonded mo to— 
20 ^Laconductingpolymerandapolyelectioiyte. The mo,ec* comp.e x™tite 
^ Hnear chains of me component po.ymers bonded in a s.de-by-s.de fasmon. The 
Iplex is a double-stiand synthetic polymer, ^hen polyaniiine is me conductive stian* 
designates the doub.e-stiand polyaniUne. Compared with me dou le-stiand 

25 he .L information. of ^^^^ ^ 

^acryUcacid). Since tire two strands of polymers are bonded stiongiy, these po.yrner.c 

complexes are stable and do not dedope easily. 

The dsPAN disclosed in this '400 patent is one of three types. The firs, -vp- a 
water-soluble polymeric complex of po,yani,ine. This type of dsPAN is no, sui^r 
3 „ anticorrosion citing appiications because a pure dsPAN 

wim water therefore the coating is iost in rain or humid air. I. , concvabie ma, tire 
water-soluble dsPAN can be incorporated in a polymeric binder ma, prevents water 
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dissolution of the coating. The hyrophilicity of this type of dsPAN is, however, still a 
problem for corrosion protection. The coating will absorb moisture or swell in water and 
thus reduce the adhesion of binder to the metal substrate. 

A second type of dsPAN disclosed was an insoluble solid that precipitates from the 
5 aqueous reaction medium. This type of dsPAN can only be mixed with the binder by 
vigorous mechanical mixing (in a manner similar to that used for blending single-strand 
PANI-PTSA with epoxy described in Example 13 of Kinlen et al. US pat 5543084). 
Although a blend made in this manner overcomes the problem of dedoping in US 5543084, 
it is still not ideal. The dispersion contains large and brittle particles. The particles are not 
10 small enough for optimal polymer-metal interaction even when the precipitated particles 
are ground with a ball mill. The large particles do not 'wet' the metal surface. Another 
problem is that the mechanically stirred suspension is not a stable dispersion. It is difficult 
to maintain a uniform and stable suspension for large scale industrial production. 

The third type of dsPAN disclosed in the '400 patent is a colloidal suspension of 
15 small particles. Although the particle size is suitable for the electroactive polymer to 
interact with the metal surface to impart protection of the metal, the concentration of the 
colloidal particles in water is quite low (less than 1 gm of colloidal particles per liter of 
water). This low concentration is incompatible to the preferred high-solid content coating 
formulation. 

20 PCT Publication WO 97/03127 discloses a chemically modified dsPAN that is 

soluble in polar organic solvents and can be applied to metal surfaces as a paint. The 
coating disclosed protected metals from corrosion. These organic soluble dsPANs 
overcame the water absorption (swelling) problem of the water-soluble dsPAN disclosed in 
Liu US5489400. This type of dsPAN is suitable for use as either a solvent-based paint or 
25 as a blend with hydrophobic epoxy oligomer for a thermoset coating. This type of dsPAN 
is not disperable in water to make a stable mixture with water-borne epoxy. Thus this type 
of dsPAN is not suitable for a water-borne coating application. 

Electrophoretic deposition of resins on metals provides excellent corrosion 
protection for steel used in automobiles and appliances. Using a conducting polymer as 
30 additive in the electrophoretic coating bath should enhance the effectiveness for protecting 
the metals from corrosion. Electrophoretic coatings containing single-strand conducting 
polymers are disclosed in W093/14166 and US Pats 5128396, 5543084, 5556518. 
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However, the dopants used in these disclosures are non-polymeric small molecular ions 

which have the disadvantage of dedoping in the e-coat processing and dedoping of. the 

coated metal due to heat or moisture. 

Summary r>f the Invention 
5 The present invention comprises a composition that advantageously avoids the 

problem of dedoping common to all the single-strand conducting polymers. A polymeric 
complex of polyaniline is dispersed in water as latex-like small particles. The polymeric 
complex is hydrophobic enough so that the problem of water-absorption and swelhng of 
the painted surface is avoided. The particle sizes of the latex-like suspension are small 
,0 enough so that the n- conjugated polymers may interact with the metal surface effectively. 
The percentage of the *- conjugated polymers in the non-conductive binder can be low 
enough so that the mechanical strength of the coating is essentially the same as the coating 

without the 7t-conjugated polymers. 

The invention comprises a family of two-component polymeric complexes of n- 
15 conjugated polymers that are suitable for water-borne coating applications. The invention 
also embodies the process of making the polymeric complexes, the use of the polymeric 
complexes in an anti-corrosion formulations, a family of coating compositions containing 
the polymeric complexes, the method of applying the coating composition on a surface and 
the coating compositions per se. 

More particularly, the present invention comprises: 

A water-borne coating composition comprising a polymeric complex between a 
conjugated polymer, a polymeric ion (that serves as a dopant for the ^-conjugated 
polymer), and a non-conductive polymer (that serves as a binder or resin for 

coating). 

25 2 A water-borne coating compostion as in (1) where the ^-conjugated polymer and 
the polymeric dopant are strongly (non-covalently) bonded to form a molecular 
complex. 

3 A water-borne coating composition as in (2), where the polymeric molecular 
complex has substantial affinity with the non-conductive polymeric binder so that 
30 the water-borne dispersion will not segregate, and the dried coating film is 

homogeneous in compostion. 
4. A composition described in (3) that can be electrophoretically deposited on a metal 



20 

1. 
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substrate to form a coating that contains a polymeric dopant, and a non-conductive 
polymeric binder. All three components are electrodeposited onto the metal surface 
with negligible loss of dopants. 

A coating composition described in (3) or (4) that has enhanced anticorosxon 
performance compared with a coating composition that does not contam a 
polymeric complex of the ^-conjugated polymer. 

A coating compostion of (3), (4) or (5), in which the non-conductive polymer „ a 
thermoset polymer and the polymeric complex of the n-conjugated polymer serves 
the dual function of an anticorrosion additive and a crosslinking agent. 
10 7 Optionally, the said electroactive (or conducting) polymeric complex is used as an 
additive to a commercial electrocoat formulation that contains additional cross- 
linking agents. 

8 . A. ****** I— *« - lows ***** « *• ~** C ° mP0S,,,0n 2 

metal surface. 

15 9 . An elerfrocoating process that allows cathodic exposition of the coating 
composition onto a metal surface. 
,0. An electrocoating process of (9) that forms a proactive coating on the surface of 

aluninum alloys. 

„. An electrocoating process of (9) that forms a protective coating on the surface of 

20 steel. 

ftr frf TVmir li— " f '¥ nmwnMto 

Fig 1 is a photograph of a coated control sample; and 

F ig. 2 is a photograph of a sample coated with a composition of the invention. 

iwriminn of "" i H*™ 1 emhodiments 

in one aspect of the invention, a two component dsPAN complex that > water- 
borne and satisfies the requirement of hydrop^bic/hydrophilic balance is disclosed. The 
two-component polymeric complex should contain two strands of polymers. One strand ,s 
a ,-conjugateo polymer mat imparts elertroactive and conductive properties to *e coating 
so tha, i, is effective for protecting mettls from corrosion by its interaction wo, the metel 

30 surface. ^ , . , i 

Another strand is a polymeric ion tha, is non-covalently bonded to the .-conjugated 

polymer at a rnuMplicity of sites due either to electronic attraction, hydrogen bondmg or 
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van der Waals force. The strong bonding between the two components of the polymeric 
complex provides the needed stability against the loss of ionic dopants. The improved 
dopant stability in the double-strand polymeric complex overcomes the deficiencies of the 
single-strand conducting polymers in the prior art. An example of a double-stranded 

5 polymeric complex is the dsPAN which has polyaniline as the Tt-conjugated component in 
the complex, and a polymeric anion as the second strand. Examples of other K-conjugated 
complexes include polyaniline, polypyrrole, polythiophene, poly(phenylene sulfide), 
poly(p-phenylene), poly(phenylene vinylene), poly (furylene vinylene), poly(carbazole), 
poly(thienylene vinylene}, polyacetylene, and poly(isothianaphthene) having charges 

10 thereon when the polymer is in its electrically conductive form. 

Examples of the polymeric anions are poly(acrylic acid), poly(methacrylic acid), 
poly(vinylmethylether-co-maleic acid), poly(methylmethacrylate-co-acrylic acid), 
poly(ethylmethacrylate-co-acrylic acid), poly(acrylamide-co-acrylic acid), and other 
anionic polymers. 

is In addition to the anionic polymers, polymers containing both the anionic and the 

cationic functional groups such as a protonable amine and a tertiary amine can be used. 
The ionic functional groups in the second strand serve at least two functions: (1) the 
anionic groups are the counter ions to the positive charge carriers on the ^-conjugated 
polymer, and (2) both the anions and the cations on the polymer help disperse dsPAN in 
20 water so that it can be used as a water-borne coating material. 

Another aspect of this invention is that the double-strand polymeric complex is 
balanced with respect to its hydrophilic and hydrophobic properties. The complex needs to 
be sufficiently hydrophilic so that the complex can be dispersed in water but not too 
hydrophilic to absorb water after the coating is applied to metals. An example of a dsPAN 
25 that is too hydrophilic to be useful for coating is that of a molecular complex between 
polyaniline and poly(styrenesulfonic acid) Liu et al. US 5489400. This polymeric 
complex PAN-.PSSA is water-soluble and is dissolved in water as a highly solvated 
random-coil of polymer. This dsPAN satisfies one of the requirements that it be 
dispersable in water but it does not satisfy another requirement for coating. When 
30 PANrPSSA is coated on a surface without a polymeric binder, it is readily re-dissolved 
when it is immersed in water. When PAN:PSSA is coated on a surface with a polymeric 
binder such as epoxy or polyurethane, the coating has the problem of being hygroscopic. It 
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absorbs water and swells which is not a desirable property for coatings applications. 

It is known that a proper hydrophobic/hydrophilic balance can be achieved to 
obtain a latex-like dispersion of the complexes by one or both of the following methods: 
(1) use a polymer (the second strand of the two-component polymeric complex) that 

5 contains a certain number of ionic functional groups (hydrophilic) and a certain number of 
non-ionic organic hydrophobic functional groups attached to the polymer backbone so that 
the desired hydrophobic/hydrophilic balance is achieved; or (2) use a synthetic procedure 
that effects a certain polymeric chain folding (similar to the tertiary structures commonly 
found in globular proteins) that exposes most of the hydrophilic functional groups at the 

10 surface of the polymer particles to provide suspension of the particles in water, but 
maximizes the hydrophobic content of the interior of the polymer particle. 

As an example of the first method, the polymeric complex of polyaniline and 
poly(methylacrylate-co-acrylic acid) is synthesized with an appropriate choice of a relative 
number of methylacrylate segments and the acrylic acid segments in the polymer chain. A 

15 higher percentage of methylacrylate segments make the polymeric complex more 
hydrophobic, and a higher percentage of acrylic monomer unit makes the polymeric 

complex more hydrophilic. 

The second method involves the molecular self-assembly of a precursor of the 
polymeric complex. The self-assembled precursor particles are dispersed in water and 
20 have a structure that, after a template guided polymerization, results in a polymeric 
complex that is water-borne but hydrophobic enough for coatings application. The method 
employs a two-step synthetic procedure. In the first step, precursor particles are prepared 
that have a hydrophobic core and a hydrophilic surface. In the second step, the precursor 
particles are polymerized to form a water-borne polymeric complex of the ^-conjugated 
25 polymer. This synthetic strategy is illustrated in the synthesis of the water-borne, latex-like 
dsPAN. The synthesis of a water-borne polymeric complex between polyaniline and a 
polymeric ion poly(vinylmethylether-co-acrylic acid) PVME-MA. 

In the first step, the aniline monomers are added to the polymeric ion PVME-MA 
dissolved in water. The aniline monomers are adsorbed onto the backbone of PVME-MA 
30 to form an adduct which has hydrophobic segments at the sites where the aniline 
monomers are adsorbed. When a substantial length of the polymeric adduct (PVME- 
MA):(Aniline) n becomes hydrophobic the polymer chain of the adduct folds into a globular 
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particle with the hydrophobic chains packed in 4c interior of «he globular particle and the 
nydrophilic groups popu.a«e «he water/particle interface. » is possible that aggregates of 
theadducts arc present in the aqueous solution a, this s*ge. A solution shows 
characteristic ligh, scattering phenomenon indicating the formation of particles with 20 to 
, ,00 nm radius of gyration. The size of the adduc. (PVME-MA,:(Aniline)„ particles are 
adjusteble by using a mixed soiven, of water and alcohoi, the acidity of the solution, and 
by controlling the temperature of the solution. 

In the second step, the precursor is polymerized by introducing an oxidizmg agent 
such as hydrogen peroxide or sodium persulfare. During this stage, the amline monomers 
„ adsorbed in rhe adduct (PVME-MA):(Aniline)„ are polymerized into a polyaniline whrch is 
strongly, but non-covalentiy, bonded to the po.ymer PVME-MA to form a polymery 
complex (PYME-MAV-polyaniline. The polymeric complex is dispersed in the aqueous 
^ution without precipitating out of the solution (as the single-strand polyantlme would 
preoipitate) due ,o rhe hydrophilicity a. the surface of me particle. The polymeno compiex 
„ po.yaniBn.fPVME-MA) is a latex-l*e suspension in water. It forms a poiymer coating on 
the surface of meti*. plastic, glass eteetera. Once the water in the coating ts evaporated, * 
coating is no longer redissolvahie by water or common solvents. This coating b. a h.gh 
enough content of the hydrophobic groups so tha, the coating does not have a problem wtth 
swelling in water (which is in contrast with the water-solub.e PAN:PSSA complex) and 
20 thus it is suitable for coating applications. 

The polyanUine:(PVME-MA) complex synthesized in tins manner has me 
advantages over the single-strand po.yaniline because it is water-dispersable and ,s 
resistant to dedoping by water or solvent. The polymeric complex wtth proper 
hydrophobic/hyd^philic balance is also better suited for coating applications companng te 
25 the water-soluble polymeric complexes disclosed in US 5489400 because it reduces the 
water-swelling problem in the dried coating. The composition of this invention ts ftflta* 
from mat of a copending international application Yang e. al, WO 97/03127 (Electroactive 
polymer coatings for corrosion control). WO 97/03127 discloses an organ* solvent 
soluble dsPAN while the present invention discloses a water-borne coating composttion. 
30 A uniform and stable water-borne resin composition. 

taproved uniformity of coating due to molecular association b«ween dsPAN and a 
non-conductive water-borne resin. 
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Another aspect of the present invention is a water-borne coating composition that 
contains a conductive polymeric complex and a non-conductive resin. The resin can be a 
thermoplastic or a thermoset polymer. The non-conductive polymeric resin serves as a 
binder for the conductive polymer and it is preferable that the polymeric resin is chosen 

5 from a commercial available thermoplastic or thermoset coating material. The polymeric 
complex of the 71-conjugated polymer has the functional groups that leads to a substantial 
extent of molecular association between the 7t-conjugated polymeric complex and the non- 
conductive resin. This intermolecular association is advantageous in two respects: (1) the 
coating is uniform at a microscopic or nanometer scale with the advantage of stable 

10 unsegregated paint or coating bath and a reliable performance for the coated products, and 
(2) when used as an electrophoretic coating material, the molecular association insures that 
the resin and the u-conjugated polymeric complex are not separated during the electrocoat 
process. 

The intermolecular association between the 7i-conjugated polymeric complex and 
15 the non-conductive resin comes from the electrostatic attraction, hydrogen bonding, the 
hydrophobic interactions, and chemical bond formation. Some of these intermolecular 
interactions can be demonstrated in an aqueous paint formulation containing a cationic 
epoxy as the non-conductive resin and the polyaniline:(PVME-MA), or the 
polyaniline:PAA complex as the electroactive, 7t-conjugated polymer. A brief review of 
20 the structural features of the cationic resin and the O-conjugated polymeric complex is 
useful for understanding the intermolecular interactions. 

A commercial cationic epoxy resin is a multi-functional epoxide oligomer having 
chemically-bound tertiary or quaternary ammonium functional groups in addition to the 
epoxy and hydroxy groups present in other types of epoxy resins. Low-molecular weight 
25 epoxy resins with molecular weights between 1,000 and 1,500 are reacted with a secondary 
amine, forming hydroxyl groups alongside terminal tertiary amino groups. The amine 
functional groups are subsequently neutralized with a weak organic carboxylic acid such as 
lactic acid or acetic acid to produce a polymer which is in the form of a water soluble salt. 
The water-borne resin is then a polycation in an acidic solution. 
30 The 7i-conjugated polymeric complexes such as the polyaniline:PVME-MA or the 

polyaniline:PAA complexes contain two strands of polymers. One of the strands is a 
polycarboxilic acid. For example, a PVME-MA with a degree of polymerization of about 
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,000 has about 500 carboxylic functiona. groups attached to the polymer backbone. A 
substontia. fraction of the carboxyUc acid functional groups are ionized tf the pH of oth 

^ is iess *an .hat o, - PVME-MA chain. The net charge of the dsPAN .s negative. 
5 Thus then-conjugated polymeric complex is a polyanion. 

When PVME-MA and me cationic epoxy a« mixed in a solution, the electrostatic 
attraction b*wee„ the poiyanions and the poiycations leads ,0 the formation of polymenc 
complexes. When the electrical charges on the po.yanions and the colons are maKhed 

,0 be observed in a titration of me PVME-MA solution with a cationic epox, «~ The 
precipitation of the charge baianced polyanion/poiycation compiex ,s an — of 
Jt association between the polycation and the polyanion. For a practicai formulation 
for L as waer-borne coating, the cationic epoxy resin artd tite ..-conjugated po.yme„c 
compiex are mixed in a manner ma, avoids going to tite charge-balance pom. and thus 

15 ^^precipitation. h ^..-«*r--*;™; 
large of the molecular* associated particles will be positive so thatthe particle will be 

eiectiophoreticaUy drive to the catiK>de. 

In addition to the electrostatic association, there exists mu. p e 

^ the carboxytic acid groups of tite polyanilin.PVME-MA or po,yani,ine :P AAand 
20 tite nitrogen atoms in the cationic epoxy resin. A type of catiomc epoxy » «-» 
segments of bisphenol-A which provides some hydrophobic mteraction - 
JL- PO'vmeric complex so that the hydrophobic interactions may also contribute 

the mtermolecular association. 

The following example demonstnUes the exigence of tiie intern— 
25 association. An a„ueous soiution of polyaniline-PVME-MA (or polyaniline : PAA) nuxed 
lacationicepoxywasusedasandectiophoreticcoatingsolution. »P~<»~« 

of cationic epoxy was mixed with 1 par, of po,yanitine : PVME-MA. The — 

t ^ >icPA>J and the cationic epoxy in a phi 40-^.^ 
intermolecularly associated complex of dsPAN and the . 

• a * f^ m ihe fact that the solution is stable without 
solution is not electrically neutral as evident from the fact that tti 

. , , • a«w;i rounons a"x2") were immersed in the 
30 precipitation. Two identical aluminum A6061 coupons 

30 precipiumu electrophoretic 
resin/dsPAN suspension, and are connected to a DC power supply. An p 
resm/os F - sft V to 200 V for 90 seconds 

process was carried out with applied voltages ranging from 50 V 
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coating. Both coupons were pu, in an oven (180 C) for 20 nunu.es. The po ymer 
repolon.ne^oaew.eurea.oforrna^^epox,^. Tb. 
, epoxy used - a bisphenol-A diglycidy. ether oligomer which is transparent and had no 
lr T.egreen^orevidencedu.epresenceofdsPANinU.ecoa^. TheUV-™ He 
t„io„ epoxy coating were measured with a reflectance sr*— 

T^eLctrum obtained matches with that of poiyaoMne inthe electricaUy conductive state 

to epoxv was used as an electrophoretic bati. The electrophoretic coating resuited tn a tinn 
laverofgreencolorontheanodeandnodepositiononthecathode. 

•L experiments described in the preceding paragraph provide tether support for 
the existence of the intermoiecular association between the dsPAN and the cation* resm 
L dsPAN has ne, negative charge so when it is the oniy po.ymenc component » me 
1Masr , v^„dsPAN and the cationic epoxy 

,5 solution, it electiophoretically migrates to the anode. When dsPAN an 

are mixed in a solution, me intermoleouUr association betiveen dsPAN ' - 

epoxy taxes place. With a proper ratio of mixing, the ne, chafes of the dsP« 

^ex c be made te be positive so thattne complex is depostted as one urn, onto the 

.O^The controllable association b«ween dsPAN and the cationic epox, is 
advantageous. It makes tire coating bati, more homogeneous and the suspens-on ,s more 
STL the mixtures of the singie-stiand poiyaniUne particles with the same epo^ 

during the beat curing process. The resutt is a more homogeneous and better coating. 
25 With an appropriate catiuyst, it is also possible to chemical* tin* the epoxy 

functional group and the carboxylic functional groups of the two components. 

Another aspect of the present invention is that the poiymeric comp ex of the *- 
conjugated polymer may be used as a cross-nnkin, agent for thermose, polymers F» 
the PANPAA and PAN:PVME-MA complexes may serve as a cross-hnkutg 
30 exampie, the PAN PAA an ^ 

agent when epoxy is used as a thermal set resin, ine P „,„,,» 
^ups in the .poxy resin are reactive with the carboxyHc functional groups m the 
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polymeric complexes PAN.PAA or PAN :PVME-MA. This reaction may be promoted by 
the presence of an acid or base catalyst or by heat. 

The ability for reaction with the binder resins to function as a cross-linker is unique 
to the double-strand conducing polymers. The single-strand polyaniline or other 
5 conducting polymers are not able to contribute to the cross-linking of the binder resin even 
if the dopants are chosen to contain one or two carboxylic functional groups. If the small 
molecular dopants are reacted with the resin, the dopant will most likely to be detached 
from polyaniline or other .-conjugated polymer. It will change the conducting polymer 
from the doped conductive state to an undoped insulating state and thus lose rts 
10 electroactivity. 

The cross-linking reaction is mostly completed when the .-conjugated polymer 
containing an epoxy resin is cured at an elevated temperature (60 C to 180 C). An obvious 
advantage is that it is not absolutely necessary to have another cross-linker present m the 
formulation. A less obvious, but equally valuable advantage is that the cured coating 
15 contains a more homogeneous concentration of the .-conjugated polymers and the .- 
conjugated polymers will not be mobile during the service life of the coating. This may be 
advantageous over the single-strand polyaniline which is only blended with the resm 
polymer without covalent bonding to anchor the .-conjugated polymer. Under heat or 
aging, the .-conjugated polymers may migrate and segregate into domains within the 
20 coating. Such possibilities will make the performance of the coating decline with tune. 
The .-conjugated polymer is strongly bonded with the polymeric second strand which, in 
turn, is covalently anchored to the 3-dimensional network of the thermal set resin after 
curing With a molecularly dispersed mixture of the dsPAN in epoxy, and the covalent 
anchoring of the polymeric complex in the resin, the properties and the performances of the 
25 coating is expected to be more stable than the polymeric blends of the single-strand 
polyaniline. 

It is found that when the electroactive polymer is used with more than 3% weight of 
the epoxy resin, the curing is complete and the cured resin mixture is a tack-free and hard 
coating. When the coating formulation is slightly more acidic than the normal e-coat bath, 
30 a complete curing of the epoxy is possible with as low as 1% of the .-conjugated 
polymers. It is believed that the acidic form (which has mobile radical cations on the .- 
conjugated backbone) is capable of catalyzing the cross-linking reaction between the 
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asPAN ana the epoxide. The ***** ™y aiso promote to p*— - - * 
^^veforantic^^ 

^oth to ASTM B-U7 sait-fog spray — - «•—*— 1 unpedance 
~ P 71 tot *e dsPAN — « — ^ - — 

eoior _ p- to «ue — to pH vaiue - — ^£ _ ^ of 

t q„„ HHu.SC Yang, Mat. Res. Soc. Symp. Proc, vol. w 

_ _ j the loss of electrochemical impedance were louna u> 
corrosion resistance and the loss oieic 

• v, th. color of the polyaniline component is changed from green 
with the time when the color ot toe poiy oolvaniline is more 

^ • .Mnolvmer This again indicates tot to conductive state ,s much 
without to O-conjugated polymer, lnisag 
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more effective .ban the noncoductive state of po.yani.ine for anticorrosion. I. was found 
ma, te coating (with a mixture of 0-conjuga.ed polymer artd the nonconductive resm 
does no. need to be ar, electrical conduce, I. * on* reouired that the O-conjugafcd 
potymer is in its electrically conducive state. Even when the conductive powers do no, 
, form a conturoous network in the coating to render macroscopic conductivity, the O- 
conjugated poiynters in tire coating resin are still effective for a— io. When ^ 0- 
con^ugated powers are deprotonafcd ,0 change ,0 its emeraldrne hase form 

effectiveness for anticorrosion is lost. 

The dsPAN, heir* more — » deprotonation, is appiicabie fo, a wtder range 
,0 of environments. Tne traditiona, singie-stiand polyline is effective only in a sbghtiy 
acidic environment (pH < 5, Tne dsPAN containing resin is effective for pH neutrai 
environment (pH 5-T) and the sea water (pH 8). 

dsPAN is compatible with commercial water-borne coating formulation, 
^ double-strand conductive polymers can be used as an additive to the 
„ commercial., avaUable waKr-borne paints or electrocoat bams. Tne water-bome 

(descHbedinme— .formixing tire additives is followed. "»~«-"^ 
Leiectrc.oatMbyanormaieiectrocoatprocedure. Sam P .es of elect^ metals cu«d 
1 ,80«C resulted in hard coating, The coated samples were tested and were found ,0 
20 have improved anticorrosion properties compared to the control sample, 
Caring with conventional curing agents: 

Tae conventional chemically modified or capped polyamines, po.ymercapUns or 
^socyanates can be used as curing agents. The. curing agents need to be « 
moLd or capped „ prevent reaction with epoxy in the electrophoretic coating bati, The 
25 cross-linking is completed at elevated temperature during bakrng. 

Alternatively, a Mgh-temperature cuting agent can be used. Exa^l. o * 
temperas curing agents are polycatboxylic acids, ^^^1 
carlly-functionai • *~ curing agents, in absence of a c*a»,, donrtreac, 

witntheepoxy at room temperature but reacts a, an elevated tenrperature durn* baktng. 
30 The dating may b. applied onto meta, surfaces with or without tire conventiona. 

^^tional presses for coating ahtminum arloys mdude surface treatinents 
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that use chromate surface conversion. The coatings of the present invention can be applied 
onto the surface of a bare aluminum alloy without surface pretreatment. The present 
coating on aluminum samples without surface pretreatment showed good resistance to 
corrosion. The present coating formulation is useful as a coating that replaces the toxic 
5 chromates in coatings applications. 

The coating may be applied either by painting or electrodeoposition. 
The water-borne coating composition containing the double-strand conducting 
polymer may be applied to a metal surface by painting, immersion, or electrodeposition. 

Example 1 

10 Synthesis of Polyaniline: poly(aciylic acid) complex with r= Nan/N^h »1, 
[Polyaniline:poly(acrylic acid), r=l]. (Here, we use the symbol ":" to indicate the non- 
covalent bonding between two polymers. The value of r specifies the ratio NVN-cooh.) 
Step 1: Adsorption of aniline onto poly(acrylic acid) to prepare [poly(acrylic 

acid):(Aniline)J : 

15 A complex [poly(acrylic acid):(Aniline) n ] is prepared by adsorbing (or binding) the 

aniline monomer onto the poly(acrylic acid) in a water/methanol solution. The adsorbed 
aniline molecules are later polymerized into polyaniline in Step 3. 

Mix 10 ml of methanol with 7.208 gm of poly(acrylic acid) aqueous solution 
(containing 25% of PAA, Polysciences, MW = 90,000). Water is added to increase the 

20 volume of the solution to 100 ml. This solution is rigorously stirred with a magnetic 
stirrer for 15 minutes. This solution contains 0.025 moles of poly(acrylic acid). 

Slowly add 2.328 g of freshly distilled aniline to the poly(acrylic acid) solution 
under rigorous stirring. An additional 10 ml of methanol is added. Stirring is continued 
for 30 minutes. The total amount of aniline equals 0.025 mole. The mixture has a pH 

25 value of about 5. 

The following observations are consistent with the formation of a molecular 
complex between the aniline molecules and the poly(acrylic acid). The viscosity of the 
solution is significantly increased upon the addition of aniline. The measured increase in 
intrinsic viscosity is much more than that expected from a simple mixture of aniline and 
30 poly(acrylic acid). For a simple mixture with no binding between aniline and the 
complexes, the intrinsic viscosity should be about equal to the sum of the two components 
in pH 5 solution. The high viscosity is consistent with the binding of aniline onto the 
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poly(acrylic acid) chain. When aniline is adsorbed onto poly(acrylic acid), the polymer 
chain is more extended than that of the original poly(acrylic acid) random coil, and thus the 
viscosity is much higher. The aniline molecules may bind to poly(acrylic acid) by 
hydrogen bonding, or the anilinium ions may be strongly attracted by the electrostatic force 
5 from the ionized portion of the poly(acrylic acid). The latter electrostatic attraction is 
known as "counter ion condensation" for polyelectrolyte (Reference: G. Manning, J. 
Chemical Physics, 89, 3772 (1988), Accounts of Chemical Research, 12, 443 (1979)). The 
non-covalent binding between aniline monomers and the poly(acrylic acid) is represented 
by a colon ":" in the symbol for the adduct poly(acrylic acid):(An) n . 
10 Step 2: Formation of an emulsified poly(acrylic acid):(An) n adduct. 

100 ml of 2 M HC1 is added to the poly(acrylic acid):aniline solution. The solution 
turns milky white immediately due to the scattering of the ambient light by a macro- 
emulsion of the polymeric complex. When the solution is continuously stirred vigorously, 
the intensity of light scattering decreases and the color of the scattered light gradually 
15 changes from milky white to nearly transparent with a tint of turbidity. When this faintly 
turbid solution is examined by illumination with a focused beam of white light ( or sun 
light) and viewed at an angle against a dark background, the scattered light has a blue tint. 

The solution initially turns to milky white macro emulsion because the acid added 
to the solution decreases the degree of ionization of the poly(acrylic acid):(An)„ adduct 
20 formed in Step 1. The unionized adduct becomes more hydrophobic and folds into 
particles that contain an interior hydrophobic core that is rich in aniline adsorbed to the 
poly(acrylic acid). The exterior surface of the particles may be more hydrophilic with 
some ionized carboxylate groups in contact with the surrounding water molecules. The 
emulsified particle in this case is likely to be an aggregate of the polymeric adduct 
25 poly(acrylic acid):(An) n which is hydrophobic if the aniline molecules remain bounded to 
the poly(acrylic acid) when the hydrochloric acid is added. Immediately after the addition 
of the hydrochloric acid, the size of the aggregated particle is large, but the aggregates 
rearrange into smaller particles in the methanol/water solution. 

The change in the light scattering is consistent with an initial formation of macro- 
30 emulsion that scatters visible light of all colors, and the subsequent transformation into 
micro emulsion with smaller particle size that scatters only the shorter wavelength region 
of the visible light. The presence of methanol or other polar organic solvents helps to 
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break the initial macro emulsion into smaller particles. The small particle is, to some 
extent, similar to the micro emulsions found in emulsion polymerization for the 
production of latex ( Reference 1: Blackley, D.C., "Emulsion Polymerization," Wiley, New 
York, 1975. Reference 2: K. O. Calvert, "Polymer Latices and their Applications," 

5 MacMillan, N.Y. (1982).). Unlike the ordinary oil-in-water emulsions, the hydrophobic 
core in the particles prepared here is not only a microscopic droplet of aniline, but it is a 
complex of aniline adsorbed on the poly(acrylic acid) backbone. The poly(acrylic 
acid):(An) n adducts may aggregate or fold to form a hydrophobic core, and the ionized 
carboxylic acid groups are presumably located at the interface with water. In this 

10 emulsified poly(acrylic acid):(An) n adduct, the poly(acrylic acid) molecule serves two 
roles: (1) It serves as a template polymer that binds the monomer of the second polymer to 
form a precursor for the polymeric complex [Polyaniline:poly(acrylic acid), r=l]. (2) It 
serves as an emulsifier that helps to adsorb the aniline monomers in the interior of the 
emulsified particle. 

15 Step 3: Polymerization of the emulsified poly(acrylic acid):(An) n adduct. 

3 drops of 1 M aqueous ferric chloride (FeCl 3 in 2 M hydrochloric acid) were added 
to the solution prepared in step 2. 3 ml of 30% hydrogen peroxide (0.026 mole of H 2 0 2 
was slowly added to the reaction mixture with constant stirring. The solution immediately 
turned to a dark green color indicating that the aniline monomers are polymerized into 

20 polyaniline. The ferric ion in the solution is a catalyst for the oxidative polymerization. 
The reaction was essentially completed within 30 minutes. The reaction mixtures were 
stirred for another 30 minutes before starting the purification steps. The reaction product 
stayed in the aqueous solution for months with no significant precipitation of the reaction 
product. 

25 The low molecular weight ionic and water-soluble species of the reaction product 

was removed by dialysis. The solution was dialyzed with a dialysis tube (SPECTRA/POR, 
molecular weight cutoff at 3,500) against a large volume of distilled water. The dialysis 
was repeated with fresh distilled water until no ferric ion was found (by thiocyanate tests) 
in the distilled water outside the dialysis tube. 

30 Repeated experiments showed that the use of methanol/water mixed solvent in Step 

1 is important. Without an adequate amount of methanol, during the preparation stage of 
step 1, the final product in Step 3 will precipitate either immediately or within a week. 
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With the addition of meftanol, emanol, or some other organie polar solvent, the 
product of Step 3 may be indefinitely suspended to the solution. The polar organic solvent 
mixtiue is only needed for the prepare of the micro emulsion of the precursor 
poWacrylic acid):(An)„ adduct before the polymerization s«p, it .s no, need*, fo 
5 Lhiiizing.tepolymerizedproduc ^enareamountofmeunanoiinmereacnonpr^uc, 
of Step 3 can be removed without causing the reaction product rPolyam ta e:poly(acryhc 
acid) ->].o precis. TTre methano. was removed by dialog against a large volume 
of wa*r to significantly reduce the concentration of memanol, or by heating the solution to 
evaporate memanol. The role of methano. might be to reduce the particle size durmg S*P 
,0 2 soti^ m epolymeri Z e. fi na l product i ssuspendablein W a tt r. Uwas WthaUf S <ep3 
were effected before the white macro emulsion had enough time to change to tire 
^parent micro emuision, the reaction product woutd no, be Aspersed » w*er « 
wottid precipitin within a da, or two. This indict ma, the transformation fromtire 
^ emulsion to micro emulsion is import to the formation of 
„ complex, mavariationofmeahoveprocedure , me metitano. was no, added m S«ep 1 , bu, 
raddedatmebegmningof Stt p, «. modified procedure arso produced waU^orne 
po.yaniUne compiexes mat were stable in aoueous solution supporting me theory 
Lin of memano. is to facility tite reduction of the particle srze of emulstfied 

20 ^pertinents showed ma, i, was bestto srar, me polymerization Step 3 wnhin a 
snor, amoun, of time (within a few hours, after me whi* macro emuision was « » a 
Wuish tinted micro emulsion in Step 2. When the solution of Step 2 is .eft for days before 
crrying out Step 3, me reaction product is a precipitate and is mostiy crdonde 

ZJL — rt*^- ^ comp,ex - ™ s ~ y : Z 

„ ILtion of the aniiine molecule from the micro emulsion into the afueous phase* to 
amlinium ion, The micro emulsion produced in Step 2 is probably a, a metas*b,e ~ 
mstead of being in an equUibrium state of the solution. 

Example 2 

Synthesis of Po.yan.Hne: poly<ac,y». acid) complex with r- N^N^h. -»* 
30 |Polyaniline:poly(acryBc acid), 1=13]. 

m mis example, the aniline content is increased to r >. to oWavn a- 

suspension (or emulsion) in water. 
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Stepl: Adsorption of aniline onto poly(acrylic acid) to prepare [poly(acrylic 

acid):(Aniline),J : 

7.208 gm of 25% by weight of poly (acrylic acid) (from Polyciences, MW = 90,000) 

was added to 10 ml of methanol, then water was added to make 100 ml of poly(acrylic 
5 acid) solution. This solution was transferred to a round bottom flask with a magnetic 

stirrer and continuous rigorous stirring was initiated for 15 min. (Total # of moles of 

carboxylic acid functional groups = 0.025 mole.) 

3.492 gm of freshly distilled aniline was slowly added to the poly(acrylic acid) 

solution under rigorous stirring. An additional 10 ml of methanol was added. Stirring was 
10 continued for an additional 30 minutes. All solid materials were dissolved at this time. 

(Total amount of aniline equals 0.038 mole). The viscosity of the solution is significantly 

increased after the addition of aniline. 

Step 2: Formation of an emulsified poly(acrylic acid):(An)„ adduct. 

100 ml of 2 M HC1 was added to the poly(acrylic acid):aniline solution. A turbid 
15 solution was formed initially. The solution was milky white immediately after the addition 
of the hydrochloric acid due to the scattering of the ambient light by the macro-emulsion of 
the polymeric complex. When the solution was continuously stirred vigorously, the 
intensity of light scattering decreases and the color of the scattered light changes from 
white to transparent with slightly tinted turbidity. 
20 Step 3: Polymerization of the emulsified poly(acrylic acid):(An) n adduct. 

3 drops of 1 M aqueous ferric chloride (FeCl 3 ) in 2 M hydrochloric acid were added 
to the reaction mixture. 4.4 ml of 30% hydrogen peroxide (0.039 mole of H 2 Oa) was added 
to the reaction mixture with constant stirring for an additional hour. The liquid is dark 
green in color. The reaction product stayed in the aqueous solution for months with no 
25 significant precipitation of the reaction product. 

The low molecular weight ionic and water-soluble species of the reaction product 
was removed by dialysis. The solution was dialyzed with a dialysis tube (SPECTRA/POR, 
molecular weight cutoff at 3,500) against a large volume of distilled water. The dialysis 
was repeated with fresh distilled water until no ferric ion is found (by thiocyanate tests) in 
30 the distilled water outside the dialysis tube. 

The green-colored aqueous solution contained a stable suspension of the reaction 
product. The suspension was stable indefinitely. Negligible amount of the product 



PCT/US99/28307 

WO 00/32844 



21 



precipitated from the solution on standing for a long period of time. The solution can be 
filtered through filter papers -thou, significant k- <*-■* ™" 1 

^ution was dUuted with slightly acidic distilled -r (0.01 M HC.) the suspension 
regained s*b.e. Tnis dihvte solution showed the scattering of light indicating a collotdal 

5 suspension. A contrast could he seen hy comparing mis solution with a solution of the 
polyaniline: polyene sulfonic acid) complex (r - 0.5) (see Example . 1 below) winch 
lows negligible light scattering a, the same concent It had been pre™*, 
polished that the polyaniline^Ws^nesulfonic acid) molecuUr complex was 
dissolved in water as a true solution. 

„ The suspension remained s*b,e upon heating in a water barn at 70-C ovenught 

When tire water vapor was allowed to escape from ft. container of the solution, tire tota. 
volume of the solution was reduced and a high solid content solution was formed. W«»- 

The suspension was completely preciphated by addition of eoua. volume of 
„ acetone. This property was similar to the common water-bome latex P 3111 * 3 * 

T*e following test shows ma, me suspension of ^yamlrne^Wacryhc 
acid)K-1.5) has a property similar to a latex suspension which is suspense in water hut 
is hluble after i, is painted on a surface and is aUowed » dry after painting on a surftc. 
The green colored liouids with soUd content ranging from 10% to 30% were pam^d on 
» glass slides, a sheet of polyCmetitylmeftacrylate), and a coupon of aluminum aUoys. T*e 
g^olored pain, was aUowed ti> dr, in the air a, room temperatiue. The « * 
lyed on tire surface of me subst.te witi, varying degrees of adhesion These films were 
Jnersed in wa*r for 24 hours, the film remained as sofid and had no stgn of bemg 

dissolved. t£r . 

A comparative Kst was performed witi, a [F olyaniline: P oly(sryrenesu^fomc actd), 

H> 5, complex which is a water soluble poiymeric complex prepared by a metitod of the 
prio, art Tne film coated with [po,yaniline:poly(s«yrenesulfonic acid), r=0.5] complex . 
Lpletely dissolved in water within 10 minutes. This test shows the utihty of the wate, 
borl ^>yanaine:po.y(acryuc acid), r=1.5,. 1, car, be used as a water-borne coating 
,„ mafcrial, but the dried coating stitys permanent and resis* washing off by wa*r or ofter 

"'^fne procedure outiined in examples 1 and 2 may be applied ,0 the synthesis of 
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other polymeric complexes of polyaniline to produce latex-like water-borne suspense of 
the reaction product. The following examples show the synthesis of the molecular 
complex of [polyamlme:pol y (vinylmem y lemer-co-maleic acid), r = 1 to 4] and the analyse 

of the composition of the reaction products. 
5 Example 3 

Synthesis of [PAN:PVME-MA, r=l] 

1 92 gm of poly(vinylmethylether-co-maleic acid), PVME-MA, (containing 0.022 
moles of carboxylic functional groups, Aldrich, M.W. = 67,000) was dissolved in 25 ml of 
distilled water. 5 ml of methanol was added and 2 grams of aniline (0.022 mole of aniline) 

,0 was slowly added to this solution and stir for one hour. At this stage, aniline is adsorbed 
on PVME-MA to form the adduct [poly(vinylmehtylether-co-maleic acid):(An)J. 

25 ml 3 M HC1 and 6.0 x 10" 4 mole of ferric chloride was slowly added to the 
solution and stirred for 30 minutes. At this stage, the micro emulsion of the adduct 
[poly^inylmethylether-co-maleic acid):(An)J is stabilized to an appropriate srze m the 

15 acidic solution. 

2 5 ml of 30% hydrogen peroxide (containing 0.022 mole H 2 0 2 ) was slowly added 
to initiate the polymerization of the adduct of aniline and PVME-MA. The reaction 
mixture soon become green in color. After vigorous stirring for 2 hours, the reaction 
mixture was poured through a filter paper to remove small amounts of particles. The 
20 filtrate was a dark green homogeneous aqueous dispersion of the reaction product. 

The suspension stability: The as-obtained solution remained homogeneous for more 
than one year without precipitation. The dispersed product did not flocculate in salt 
solutions such as 0.37 M of sodium sulfate indicating good stability against salting out. 

The low molecular weight ionic and water-soluble species of the reaction product 
25 was removed by dialysis. The solution was dialyzed with a dialysis tube (SPECTRA/POR, 
molecular weight cutoff at 3,500) against a large volume of distilled water. The chalysxs 
was repeated with fresh distilled water until no ferric ion was found (by thiocyanate tests) 

in the distilled water outside the dialysis tube. 

Example 4 

30 A wafcr-bome coating composition containing 1 «« % of PAN:PVME-MA and 20 w. % 

of cationic epoxy. 

Solution A: 50 ml of the reaction product obtained in example 3. The solution 
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contained about 5 gram of the polymeric complex PAN:PVME-MA. 
Solution B: 250 ml of cationic epoxy (trade name: Powercron resin, product code 
CR648) manufactured by PPG Industries. The solution contains 39.5% 
solid by weight. 

5 The first step was to prepare a slightly acidified dilute solution of the cationic 

epoxy resin (solution C). 

Solution C: 50 |xl (micro litter) of 85% lactic acid was added to 200 ml of distilled 
water. To this aqueous lactic acid solution was added 63 ml of solution B, 
with stirring. The change in the light scattering characteristics of the 
10 solution suggested that the particle size of the epoxy resin of this diluted 

solution is smaller than the original solution B which was milky white. 
Solution C, when viewed under sun light, was translucent with a slight red 
color of the transmitted light (forward light scattering). 
50 ml of solution A was slowly added into solution C, with mechanical stirring of 
15 the solution. The solution become green in color due to the presence of the polymeric 
complex dsPAN. The mechanical stirring continued for 10 minutes. The rernaining 187 ml 
of solution B was added into this mixture. The resulting solution was homogeneous, 
milky, with a strong bluc-green color. The resulting solution had a pH value between 4.7 
to 5.3. The total volume of the solution was 500 ml with 20% weight of epoxy and 1% by 
20 weight of PAN-.PVME-MA. The solution was stable. No precipitation was formed after a 

storage of three months. 

Although the same weight composition can be made by directly mixing solutions A 
and B with 200 ml of water (with or without the 50 ul of lactic acid), the resulting solution 
is not as stable as the two-step mixing process with the intermediate Solution C. When 

25 solutions A and B are directly mixed the suspended particles in the water are precipitated 
out of the aqueous solution. The precipitated particles are the charge-balanced complexes 
between the cationic epoxy and the anionic PAN:PVME-MA. The two-step process of 
using an intermediate Solution C is preferred. In preparing solution C, it is preferred to use 
a small amount of acid to help dissociate the aggregated epoxy particles into smaller 

30 particles. Examples of acids are lactic acid, acetic acid and hydrochloric acid. 

Example 5 

A water-borne coating composition containing 1 wt % of PAN:PAA and 20 wt % 
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of cationic epoxy. 

The same procedure as described in example 4 was used except the polymenc 
complex PAN:PAA came from the products of either example 1 or example 2. 

The resulting solution contained 1 wt% of PAN:PAA complex and 20 wt% of a 
5 cationic epoxy resin. The solution is homogeneous, stable and no precipitation of parUcles 

after three months. 

Example 6 

A water-borne coating composition continuing 0.2 w, % of PAN:PVME-MA and 

20 wt % of cationic epoxy. 

The procedure was the same as that used in example 3 except tha, solution A was 
repiaced by an aqueous solution with 1 gram of PAN:PVME-MA in 50 ml of water. 

Example 7 

A water-borne coating composition confining 0.2 w, % of PAN:PAA and 20 w. % 

of cationic epoxy. 

The procedure was the same as in example 6 except that the products from either 
example 1 or example 2 were used to prepare solution A. 

Example 8 

Electrophoretic coating of the electroactive resins on metals. 
The solutions prepared in examples 4-7 were used as coating bams tn an 
2 0 electrophoreuc coating process to deposh a polymenc coating on ntetals. Metal pl*es 
were firs, polished with sand papers (100 grids and 300 grit) and rinsed with distilled water 
Mowed byarinse with memylene chloride. These mettl plates were connected toadnec, 
current power supply. The me*! to be coated was connected as a cathode and a platinum 
electrode was connected as an anode. The electrodes were immersed in a coating bath 
25 produced by the methods described in one ofAeexatnp.es 4-7. A voltage of 50 V to 200 
V range was applied to the electees for 90 seconds. The metal plate removed from the 
bam show blue-green colored coating of the resin. After a rinse with distilled water, tire 
coated sample was allowed to dry in the air for 10 minutes before curing in an oven a, 1 80 

°C for 20 minutes. . 

Thecutedsamplesweresmoomandhard. It should be noted tha, the conventional 

curing agents such as the multi fimctiona. amines were no, used in the coating formulation. 

b these examp.es, the curing agent is the po.ymeric complex dsPAN. The dsPAN 
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double-strand polymer which has the polyaniline molecule as one strand (the first strand) 
and the polymeric dopant as the other strand(the second strand). For PAN:PAA, the 
second strand is P oly(acrylic acid). For PAN:PVME-MA, the second strand is 
P oly(methylvinylether-co-maleic acid). In both polymers, the second strand has carboxyhc 
5 functional groups on the polymer. This carboxylic function group reacts with the epoxy or 
the hydroxy functional groups of the epoxy. These reactions cause the cross-linking of the 
epoxy resin. The epoxy resin is cured by using low weight percent of the carboxylic add 
polymers. It is possible that the dsPAN also functions as a catalyst for the polymerization 
of the oligomeric epoxy to high molecular weight epoxy. 

Example 9 Corrosion tests 
Samples prepared in example 8 and control samples were placed in a salt-fog spray 
chamber according to the standard procedure ASTM B-l 17 ("Testing of Organic Coatings" 
by N.I. Gaynes, Noyes Data Corporation, Park Ridge, NJ, 1977). 
Test samples: 

15 Test samples were coated coupons of aluminum alloys with dimensions of l"x2' x 

1/16" Aluminum alloys AL2024-T3, A7075-T6, A6061-T6 were obtained from Metal 
Samples Company, Munford, Alabama. The metals were manufactured by Kaaser 
Aluminum 

Co. The coating bath and the water-borne resins are described in Examples 4-7. The 
20 electrophoretic coating process is described in Example 8. 

The control samples: 

For the purpose of evaluating the effect of the electroactive polymer as an 
anticorrosion additive, control test samples were prepared using the known art of 
electrophoretic coating. 

25 Typical commercial cataphoretic coating formulation contains chemically modified epoxy 
resins which are water-soluble or water-dispersable cross-linking agents, pigments and 
other additives. A coating bath is made by mixing the epoxy resin, with the cross-linking 
agents, pigments and other additives. The resin was dispersed in water with solid content 
between 10% and 40%. The control samples were made from a formulation produced by 

30 the PPG Industries (Cleveland, Ohio). The formulation has the trade name of Powercron 
which consists two parts: (1) an epoxy resin with a product code of CR648 Resin which is 
a cationic epoxy, and (2) a curing agent containing polyamines and lead silicate with the 
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product code of E6066 Paste. 

Preparation of the coating bath for the control samples: 

One liter of coating bath was prepared by first mixing 410.5 ml of CR648 Resin 
(39 5% solid content) with 553 ml of de-ioni^d water which resulted in a milky solution. 
5 To this solution is added 58.5 grams of paste (a grey colored paste). The mixture was 
constantly stirred to avoid separation. The resulting solution had about 19-21 % sohd 
content. 

Electrophoretic coating 

The electro coating was done in the same way as that for the dsPAN contauung 

10 samples described in example 8. 

Meal plates were first polished with sand papers (100 grit and 300 grit) and rinsed 
with distilled water followed by a rinse with methylene chloride. These metal plates were 
connected to a direct current power supply. The metel to be coated was connected as a 
cathode and a platinum electrode was connected as an anode. The electrodes were 
„ immersed in the coating ban, A voltage of 50 V to 200 V range was applied to the 
electrodes for 90 seconds. The metal plate removed from the bam show blue-green colored 
coating of the resin. After a rinse with distiUed water, the coated sample was allowed to 
dry in the air for 10 minutes before curing in an oven at 180 °C for 20 minutes. 
Salt-fog spray ASTMB-117 lest results: 

The test samples and the controls were tested in the sah-fog spray chamber for 1000 
hours. The coatings were injured by cutting a cross with a sharp knife blade to expose the 
aluminum metal before placing in the test chamber. The general conclusion of the test 
results is that the dsPAN cor**ining coating formulation performs significantiy better mar, 
the prior a* cataphoretic epoxy coating for amminum alloys without chromate or 
25 phosphate surface pretreatment. The coatings of this invention were found te be effective 
, reduce filiform corrosion, undercutting and crevice corrosion. The dsPAN cured epoxy 
is adhesive to the metal. The polymeric complex dsPAN is sufficiently hydrophobtc so 
ma, there is no swelling of coating by water. The coating of the present invention vs 
effective for a wide range of dsPAN content in the epoxy. The content of dsPAN can be as 
,0 low as 1 % of the epoxy resin in the coating and still be effective for improving the 
anticorrosion performance over that of the contro! samples. In general, the preferred 
exposition is a coating with dsPAN ranging from 1% to 10% of the epoxy. 
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He tests also demonstrated that the dsPAN containing coating performs better man the 
single-strand polyaniline of me prior art. The problem of deprotonation for fte single- 
po.yani.ine in the P H neutral aqueous environment makes the single-strand 
pontine .ess effective for protection of m«als expose, to water, rain and moisture n 
5 a sal-fog spray test the sing.e-s.rand polyaniline changes from the emeraldine salt a 
peen-colored conductor) to tire emeraldine base (a blue co.ored insulator) due to 
depro.na.ion by wator. This transformation is generaUy associated with a of 
decttochemical impedance in an Electrochemical Impedance Spectioscopy (E1S) test 
During our previous salt-fog spray tests we found that tire change from the green colored 
,„ conductor ,0 the blue colored insulator is a signal for fte loss of protection agaurs. 
corrosion. All the dsPAN coatings remain in tire greon conductive aato after they were 
exposed to salt-fog spray for 1000 hours in tire ASTM B-117 tests. This result confirms 
fta, the resistance to deprotonation as another advantage of dsPAN coating over tire srngle 

strand polyaniline of the prior art 
l5 F i . and 2 show comparative result, A control samp.e of dsPAN <F* 1) «- 

compared wift a dsPAN conraining coating under nearly identical conditions. The coated 
samples were cu. witir a cross to creato a defect on tire organic coating and to expose tire 
metal surface before fte m begun. Both samples were placed in a salt-fog spray cumber 
(ASTM B-U7). The dsPAK samp.e was exposed to salt-fog spray for 42 days whrle tire 
, con.ro. sample was exposed to salt-fog spray for 35 days. These samples were then 
removed from fte spray chamber and were stored in air for 60 days. Photographs were 
taken a, fte end of fte test The dsPAN sample was electrocoated b, a procedure descnbed 
in Example 8 using fte coating baft described by Examples 1 and 5. 

Figure 1 shows that filiform corrosion spreads from fte scratched coating well 
25 before fte required 1000 hours of sal.-fog spray. This indices ft* fte electiophoretrc 
eoating of fte contio. samp.e does no, protoc, fte aluminum alloys from corrosion. F,g. 2 
shows an example of fte similarly scratohed samp.e fta, shows no sign of undercut and 
"slgnoffiliflcorrosio, .n this example fte has, meta, was AU024aUoy. Smular 
K Ls were demoted in tire ahuninum al.oys AL7075-T6. The dsPAN 
,0 coating performs much better man fte control samples. For AL606, alloy, boft the ^control 
and the L samples survive fte 1000 hour salt-fog spray ASTM B-117 tost fte drfference 
is not as significant as that of the AL2024 and AL 7075 alloys. 
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Example 10 

In this example, the water-borne dsPAN was used as an additive to a commercial 
coating formulation. In this formulation both the resin and the curing agent werecombined 
with the water-borne dsPAN. The dsPAN used in this formulation can be considered as an 
5 additive to the commercial coating formulation. 

The coating bath was prepared by adding a curing agent to the baths prepared in 
Examples 4-7. Typical curing agents known for cross-linking epoxy can be used. The 
conventional chemically modified or capped polyamines, polymercaptans or 
polyisocyanates can be used as curing agents. These curing agents need to be chemically 
10 modified or capped to prevent reaction with epoxy in the electrophoretic coating bath. The 
cross-linking is completed at elevated temperature during baking. Alternatively, a high- 
temperature curing agent can be used. Examples of high-temperature curing agents are 
polycarboxylic acids, polyanhydrides, polyphenols and carboxyl-functional polyesters. 
These curing agents, in absence of a catalyst, do not react with the epoxy at room 
15 temperature but react at an elevated temperature during baking. 

A commercially available curing agent manufactured by PPG Industries 
(Cleveland, Ohio) is used in this example for demonstration purposes but a broad range of 
water-borne curing agents can be used. The trade name of the curing agent is Powercron 

Paste with product code E6066. 
20 The coating formulation is prepared by adding the Powercron Paste (E6066) to the 

solutions described in Examples 4-7 with the ratio of 58.5 grams of the Powercron Paste to 
410 ml of the Powercron Resin (CR648, 39.5% solid content in water). The resulting 
solution is gray with a tint of blue-green color. These solutions were used as a coating bath 
to coat aluminum and steel samples by the electrocoat process described in Example 8. 
25 Corrosion tests of the samples were conducted in the same manner as described in 

Example 9. The results are similar to that obtained for the coating formulation used in 
Examples 8 and 9. Both the test samples and the control samples contain the same 
Powercron epoxy resin and the same Powercron Paste. The only difference is that the test 
samples contain one additional component which is the polymeric complex of the double- 
30 strand polyaniline (dsPAN). Samples tested contain dsPAN at a 1% to 10% level of the 
total weight of the dried coating. The test results show that the formulation of the present 
invention is effective as an additive to the conventional electrophoretic coating for 
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protecting metals from corrosion. 

The foregoing description has been limited to a specific embodiment of the 
invention. I. will be apparent, however, that variations and modifications can be made to 
the invention, with the attainment of some or all of the advantages of the invention. 
Therefore, i, is the object of the appealed claims ,0 cover all such variations and 
modifications as come within the true spirit and scope of the invention. 

Having described our invention, what we now claim is: 
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1 1 . A water-borne polymeric complex comprising: 

2 a strand of a 7t-conjugated polymer having cationic charges thereon; and 

3 a strand of a polymer having balanced hydrophobic/hydrophillic regions and 

4 anionic charges thereon that is non-covalently bonded to the u-conjugated polymer to 

5 form a polymeric adduct; 

6 the 71-conjugated polymers selected from the group consisting of polyaniline, 

7 polypyrrole, polythiophene, poly(phenylene sulfide), poly(p-phenylene), poly(phenylene 

8 vinylene), poly (furylene vinylene), poly(carbazole) 5 poly(thienylene vinylene), 

9 polyacetylene, and poly(isothianaphthene); 

10 the polymer selected from the group consisting of poly(acrylic acid), 

11 po ly(methacrylic acid), p 0 ly(vinylmethylether-co-maleic acid), 

12 polyCmethylmethacrylate-co-acrylic acid), poly(ethylmethacrylate-co-acrylic acid) and 

13 poly(acrylamide-co-acrylic acid), the bonded strands are configured in a double-stranded 

14 polymeric complex, the hydrophobic/hydropbilic regions resulting in a latex like 

15 dispersion of the complex in water, the polymeric complex characterized by being water 

16 soluble before it is coated on a surface and water insoluble after it has been coated on the 

17 surface. 

1 2. The complex of claim 1 wherein the balanced hydrophobic/hydrophilic 

2 regions comprise a polymer that has both anionic and cationic functional groups. 

1 3. The complex of claim 2 wherein the ^-conjugated polymer is polyaniline and 

2 the polymer is poly(methylmethacrylate-coacrylic acid). 

1 4. The complex of claim 3 wherein the cationic groups are methacrylate 

2 segments and the anionic groups are acrylic acid segments. 

1 5. The complex of claim 1 wherein the n-conjugated polymer is polyaniline and 

2 the polymer is poly(acrylic acid). 

1 6. The complex of claim 1 wherein the ^-conjugated polymer is polyaniline and 

2 the polymer is poly(vinylmethylether-co-acrylic acid) and the polymer adduct is folded 

3 with the hydropholic regions folded inside and the hydrophilic strands interfacing with 
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4 the water. 

1 7. An anti-corrosive composition which comprises: 

2 the complex of claim 1 combined with a coating composition. 

1 8. The composition of claim 7 wherein the coating composition is selected from 

2 the group consisting of thermoset or thermoplastic resins. 

1 9. The composition of claim 8 wherein the resins are selected from the group 

2 consisting of epoxy, acrylic, alkyd, vinyl, urethane or olefinic resins. 

1 10. The composition of claim 7 wherein the coating composition is an epoxy 

2 and the composition further comprises: 

3 a curing agent selected from the group consisting of capped polyamines, 

4 polymercaptans, polyisocyanates. 



, 1 1 . The composition of claim 7 wherein the coating composition is an epoxy 

2 resin and which comprises a curing agent selected from the group consisting of 

3 polycarboxylic acids, polyanhydrides, polyphenols and carboxy-functional polyesters. 

12. The composition of claims 9 or 10 wherein the epoxy is a cationic epoxy 



l 

2 resin. 

1 13. The composition of claim 10 wherein the polymeric complex is crosslinked 

2 to the epoxy resin. 

1 14. A method for forming a water-borne polymeric complex comprising: 

2 placing a strand of a ^-conjugated polymer having cationic charges thereon in a 

3 medium; and 

4 adding a strand of a polymer having balanced hydrophobic/hydrophillic regions 

5 and anionic charges thereon to bond to the K-conjugated polymer to form a polymeric 

6 adduct; 

7 the ^-conjugated polymers selected from the group consisting of polyaniline, 
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, pCypyrroU, polyuuophene, po.y(phenylene suifide), po> y (p-phenylene), 
, ^enyUne vinylene), pc, y JW- vinycne), po.y(carbazole), polygene 
10 vinylene),polyac e tylene,andpoly(isothianaphthene); 

£ — *» *. ^ — * 8 ° f poly<acryhc *t 

, u iv acitf P oly(vinylmethylether-co-maleic aci<y, 

p^i:^^ 

„ powacy.amide-co-a^ic acid), the bonded strands are configured » a doub.e 

15 stranded polymeric complex; 

Itrollingmeb^anceofthehyd^^^^ 
„ ,i k e dispersion of .be complex in water, the polymeric — eh— ^ 
„ water soluble before i« is coated on a surface and water .nsoluble after has been 
19 coated on the surface. 

,5 The complex of claim 14 herein the balanced hydrophobicA.ydrophi.ic 
2 region, comprise a po,ynw that has bo* anionic and canonic mnctional group, 

,6. rnecomp.exofclatolSwhereinu.e^njuga^polymerUpolyaniHne 
2 and the polymer is poly(methylmethacrylat^coacrylic acid). 

1,. The complex of claim 16 wherein the canonic groups arc memacrylate 
2 segments and the anionic groups arc acrylic acid segments. 

U. The complex of claim 14 wherein the .-conjugated polymer is polyaniline 
2 and the polymer is poly(acrylic acid). 

„ ThccomplexofclaimHwhereinure.-conjuga.edpolymeriapo.yaniUne 
2 and the polymer is poiyCvinylm^eurcr-cc-acryUc acid) and which compn* . 

control^ the formation of the polymer adduc, ,0 fold the adduc, wtth *. hydrophone 
4 regions foided inside and the hydrophilic strands interfacing wrth me wa<er. 



1 
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20. A method for the formation of - anti-corrosive composition which 



2 comprises: 

combining the complex of claim 1 with a coating compear**. 



♦ • 
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, 21 . The method of claim 20 wherein the coating composition is selected from 

2 the group consisting of thermoset or thermoplastic resins. 

22. The method of claim 21 wherein the resins are selected from the group 
2 consisting of epoxy, acrylic, alkyd, vinyl, urethane or olefinic resins. 

, 23. The method of claim 20 wherein the coating composition is an epoxy and 

2 the composition further comprises: 

3 adding a curing agent selected from the group consisting of capped polyamines, 

4 polymercaptans, polyisocyanates to the composition. 

! 24. The method of claim 20 wherein the coating composition is an epoxy resin 

2 and which comprises: 

adding a curing agent selected from the group consisting of polycarboxylic 

4 acids, polyanhydrides, polyphenols and carboxy-functional polyesters to the 

5 composition. 

, 25. The method of claims 22 or 23 wherein the epoxy is a cationic epoxy resin. 

! 26. The method of claim 14 which polymeric complex is crosslinked to the 

2 epoxy resin. 

3 27. The method of claim 20 which comprises: 

4 forming a protective coating on a metal surface by dispersing the polymeric 

5 complex in water; 

« binding a cationic epoxy resin to the polymeric complex to form a cathodically 

7 charged coating solution; and 

8 electrophoretically coating a metal with the cathodically charged solution. 



3 



28. The method of claim 27 wherein the metal is aluminum. 
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